We report a ZnO-based thin film transistor UV photodetector with a back gate configuration. The thin-film transistor (TFT) aspect ratio W/L is 150 lm/5 lm and has a current on-off ratio of 10 10 . The detector shows UV-visible rejection ratio of 10 4 and cut-off wavelength of 376 nm. The device has low dark current of 5 Â 10 À14 A. The persistent photoconductivity is suppressed through oxygen plasma treatment of the channel surface which significantly reduces the density of oxygen vacancy confirmed by XPS measurements. The proper gate bias-control further reduces recovery time. The UV-TFT configuration is particularly suitable for making large-area imaging arrays. ZnO is promising for UV detection due to its wide bandgap ($3.3 eV at room temperature), large exciton binding energy ($60 meV), and superior radiation hardness. Its bandgap can be extended through Mg incorporation in the ternary alloy Mg x Zn 1Àx O for deep UV sensitivity. So far, the research on ZnO-based UV photodetectors has been focused on the two terminal devices including photoconductive type [1] [2] [3] [4] [5] and Schottky type. [6] [7] [8] In addition, ZnO thin film transistor (TFT)-based UV photodetectors were also reported.
ZnO is promising for UV detection due to its wide bandgap ($3.3 eV at room temperature), large exciton binding energy ($60 meV), and superior radiation hardness. Its bandgap can be extended through Mg incorporation in the ternary alloy Mg x Zn 1Àx O for deep UV sensitivity. So far, the research on ZnO-based UV photodetectors has been focused on the two terminal devices including photoconductive type [1] [2] [3] [4] [5] and Schottky type. [6] [7] [8] In addition, ZnO thin film transistor (TFT)-based UV photodetectors were also reported. [9] [10] [11] [12] The TFT-based UV photodetector is a three-teminal device, which possesses intrinsic advantage of enabling biasing control over the two-terminal counterpart. Furthermore, the TFTs can be made on a large area of glass substrates, particularly suitable to make the photodetector-arrays for UV imaging applications. However, the previously reported ZnO-based TFT UV photodetectors suffered from poor performances, including the low mobility, high operating voltages, and especially, slow recovery speeds (24 ms recovery time for best results
12
) due to the persistent photoconductivity effects (PPC). 13, 14 In this letter, we report a ZnO TFT-based UV photodetector with a high UV-visible optical rejection ratio and low dark current and fast recovery time. The recovery time of the photodetector is improved by reduction of PPC through oxygen plasma treatment of the channel surface. Further PPC reduction is achieved through gate bias control.
The inset of Fig. 1(a) shows a schematic of a ZnO-TFT UV photodetector with the bottom gate configuration. The device was built on a heavily doped n-type Si substrate with a thermally grown SiO 2 layer (100 nm). The gate metallization scheme is Ti (100 nm)/Au (50 nm). The gate dielectric layer was made of PECVD-grown SiO 2 ($70 nm). The ZnO channel ($50 nm) was grown using metal- nominal aspect ratio W/L ¼ 150 lm/5 lm. The I-V characterizations were conducted in the dark using an HP-4156C semiconductor parameter analyzer at room temperature. The device operates in the enhancement mode with a threshold voltage of 1.17 V, a high field effect mobility l FE of 32.4 cm 2 /V s, and an on-off ratio of 10 10 as shown in both of the transconductance curves in Fig. 1(a) and the transistor characteristic curves in Fig. 1(b) . As shown in Fig. 1(a) , the dark current of the device (at À10 V gate bias) is 5 Â 10 À14 A. The spectral response of the ZnO-TFT UV photodetector was carried out through irradiating the exposed TFT channel using a broadband UV lamp with a tunable monochromator (Oriel Optics MS257). The wavelength was automatically varied from 290 nm to 600 nm with an input optical intensity at the device aperture equal to 1.6 mW/cm 2 while the I-V characteristics of the device was measured. The drain was biased with a constant voltage (V DD ) of þ10 V. The transconductance I DS -V GS curve was measured for each wavelength and the drain current was monitored at gate voltage (V GS ) of À10 V. The resulting optical spectral response of the ZnO TFT UV photodetector is shown in Fig.  2 (a). The 3-dB optical absorption bandwidth of the device is $60 nm, while the rejection wavelength (at 20 dB point) is 376 nm, which corresponds to the bandgap of ZnO. Fig. 2(b) shows the transconductance curve of the device at 500 nm visible illumination and at 335 nm UV illumination (the peak wavelength). Under gate bias of À10 V, Fig. 2(b) shows $10 4 UV-visible optical rejection ratio. The temporal photoresponse of the ZnO TFT UV photodetector was measured using a Laser Science VSL 337ND-S nitrogen pulsed-laser as the optical source. It was operated at 40 ns optical pulse duration. The optical intensity at the device aperture is 2.4 lW/cm 2 averaged at 60 Hz. The laser wavelength is 337 nm which was externally triggered at 10% duty cycle burst mode. The measured turn-on time of the device is 400 ls, and a recovery time of 26 ms. This recovery time, though is comparable to the best previously reported ZnO TFT UV photodetectors (500 ls turn on time and 24 ms recovery time) 12 can be significantly improved through reduction of PPC via surface treatment and gate bias control.
The penetration depth of UV is $50 nm at wavelengths near the peak absorption of ZnO (375 nm-340 nm). 15, 16 This implies that the photo-generation happens not only on the surface of the ZnO channel but also within the bulk of the ZnO film. The slow photoresponse of ZnO during the recovery time is mainly due to the oxygen adsorption-photodesorption and defect related recombination processes. 17 This involves a two-step process: (i) under the dark conditions, oxygen adsorption happens at the surface states (oxygen vacancy sites) to create a negatively charged ion by capturing a free electron from n-type ZnO:
(ii) under UV illumination, photodesorption of O 2 takes place where the negative oxygen ions capture the photogenerated holes that migrate toward the surface of ZnO:
Therefore, the larger the concentration of oxygen vacancies at the surface of the ZnO channel, the slower the recovery time after UV illumination. To reduce the oxygen vacancies that are responsible for the slow recovery time of the photodetector, we performed a 3-min oxygen plasma treatment at 50 W on the channel surface of the ZnO-TFT. Figure 3(a) shows the turnoff times of the untreated device, and the device with oxygen plasma treatment. The surface treated device yielded a reduced turn-off time of 10 ms as compared to 26 ms turn-off time of the untreated device. The surface treated device also exhibited a higher generated photocurrent at 340 nm illumination. At À10 V gate bias (V GS ), the untreated device only generated $10 À6 A of photocurrent while the device with the plasma treatment showed $10 À4 A of photocurrent. The improvement of the switching speed of the surface treated devices is attributed to the reduction of the oxygen vacancies near the surface of the ZnO channel. An x-ray photoelectron spectroscopy (XPS) spectrum analysis was performed on the devices to determine the extent of this reduction. Figures 3(b) and 3(c) show O 1s peaks in XPS spectra of the untreated ZnO channel and the O 2 plasma treated ZnO channel, respectively. Gaussian fitting was used in the deconvolution of the O 1s peaks. The XPS spectrum of the untreated ZnO channel shows two peaks: the peak appearing at the lower binding energy 530.68 eV (O I ) is due to O 2À ions present in the stoichiometric ZnO; on the other hand, the peak at the higher binding energy $532.38 eV (O II ) can be attributed to O 2À ions in oxygen deficient ZnO. 18 The ratio of the peak area due to the oxygen deficient ZnO over the total area of the two peaks 
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the channel with oxygen plasma treatment, the O II /O tot ratio has significantly reduced to 14%. The temporal stability of the oxygen plasma treatment on the ZnO channel depends on the storage and passivation of the device. No appreciable degradation was observed on the ZnO channel within $7 days if the unpassivated devices were kept in a sealed package at room temperature. This is mainly because the oxygen in the air will start to react with the surface of the channel. However, the devices will keep the oxygen-plasma treatment conditions almost indefinitely as long as the devices are passivated with a coating of photoresist. The further improvement of the recovery time was realized through positive biasing of the gate of the ZnO-TFT UV photodetector. To show the negative and positive gate bias effect on the decay of the photocurrent, we performed the pulsed-gate photoconductivity testing. The testing involves pulsing the gate voltage immediately after the UV illumination is turned off and then the drain voltage is monitored. For the negative gate bias test, we pulsed the gate with À10 V to 0 V at 10 Hz after the UV light was shut off. As shown in Fig. 4(a) , the photocurrent does not decay quickly even after the UV light is turned off due to persistent photoconductivity. For the positive gate bias test, where the pulsed gate bias varied between 0 V and þ10 V at 10 Hz after the UV light was shut off. As shown in Fig. 4(b) , the photocurrent decays fast after the UV light is turned off due to suppression of persistent photoconductivity. Fig. 4(c) shows that the positive gate bias reduces the switch off time to 5 ms, in comparison to the negative-biased device with a turn off time of 29 ms. Gate bias control significantly decreases the recovery time. The slowing down of the recombination process is precipitated by the separation of the UV-generated electron-hole pairs due to the large depletion region created by the negative gate bias. On the other hand, the positive bias at the TFT gate provides a conduction path for the separated charges to drain out of the channel. The control of recovery time through the proper gate biasing provides the most suitable way for the ZnO TFT UV photodetector to be used as an active element into a UV imaging array. Such a configuration possesses the intrinsic advantage as a three-terminal photodetector, where UV illumination will serve as the "write" function, the positive gate bias as the "clear" function, and the negative gate bias as the "store" function.
In conclusion, we reported a ZnO UV photodetector based on a thin film transistor with a back gate configuration. The UV photodetector has an electrical on-off ratio of 10 10 , UV-visible optical rejection ratio of 10 4 , rejection wavelength of 376 nm, and a low dark current of 5 Â 10 À14 A. The improvement of recovery time for the photodetector was achieved through two routes: the suppression of persistent photoconductivity using oxygen plasma treatment of the ZnO channel to reduce the oxygen vacancies which is confirmed, and positive gate biasing control. The combination of these two methods improved the recovery time to 5 ms.
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